With the urbanization process of the hot summer and cold winter (HSCW) zone in China, the energy consumption of space and water heating in urban residential buildings of the HSCW zone has increased rapidly. This study presents the energy efficiency and sustainability evaluation of various ways of space and water heating taking 10 typical cities in the HSCW zone as research cases. Two indicators, primary energy efficiency (PEE) and sustainability index based on exergy efficiency, are adopted to perform the evaluation. Models for the energy and total exergy efficiencies of various space and water heating equipment/systems are developed. The evaluation results indicate that common uses of electricity for space and water heating are the most unsustainable ways of space and water heating. In terms of PEE and sustainability index, air-source heat pumps for space and water heating are suitable for the HSCW zone. The PEE and sustainability index of solar water heaters with auxiliary electric heaters are greatly influenced by local solar resources. Air-source heat pump assisted solar hot water systems are the most sustainable among all water heating equipment/systems investigated in this study. Our works suggest the key potential for improving the energy efficiency and the sustainability of space and water heating in urban residential buildings of the HSCW zone.
Introduction
Energy plays an essential role for economic growth and improvement of life quality. In a sense, the building energy proportion of the total energy consumption is a barometer of the domestic economy of a country. In 2009, the building sector in China was responsible for 20% of China's total primary energy consumption and 18% of the overall Chinese greenhouse gas emissions [1] . The ratio of permanent urban residents to total population (urbanization rate) of China had reached 56.1% by the end of 2015 [2] . With the improvement of the living standards of urban residents, the energy consumption in residential buildings has increased considerably during these last few years. The evaluation of energy efficiency and energy consumption has become the sustainability measure for building assessment [3] .
Exergy is defined as the maximum amount of work which can be produced by a system or a flow of matter or energy when it comes to equilibrium with a specified reference environment [4] . The exergy of an energy form or a substance is a measure of its usefulness or quality, and thus is a measure of its potential to cause change [5, 6] . Unlike energy, exergy is conserved only during
Description of the HSCW Zone in China
The HSCW zone mainly consists of the Middle-Lower Yangtze River area, which is about 1.8 million km 2 in area. The HSCW zone is a vital region with a population of 0.55 billion and a prosperous economy. The GDP of the HSCW zone makes up about 48% of China's total GDP [20] .
The climatic characteristics of the HSCW zone can be seen from the average outdoor temperature (AOT) and relative humidity (RH) of different cities in summer and winter. Table 1 shows the statistics based on the meteorological data (from 1971 to 2003) of 10 typical cities in different regions of the HSCW zone [21] . These cities have a typical climate characterized by hot summers and cold, damp winters. The AOTs in the hottest month are no lower than 28 • C except Chengdu, and the AOTs in the heating season (from December to February, totaling 90 days) of these cities averaged 6 • C. The average RH values in the coldest month range from 75% to 83%. In winter, high humidity leads to a more intense feeling of cold even though the outdoor temperature is not very low.
The climatic features of the HSCW zone bring huge energy demands for space heating and cooling in residential buildings. Domestic hot water is needed almost everyday in a residence for bathing, washing and other sanitary purposes, and is associated with a significant proportion of energy consumption in residential buildings. From 2001 to 2011, the energy consumptions of space cooling, space heating and water heating in urban residential buildings of the HSCW zone increased by 5.4, 4 .4 and 1.8 times, respectively [22] . In 2011, the electricity consumption of space heating in urban residential buildings of the HSCW zone reached 41.4 billion kWh [22] . 
Ways of Space and Water Heating in Urban Residential Buildings of the HSCW Zone
About 0.3 billion people live in urban areas of the HSCW zone, and consume enormous energy in residential buildings. The energy-consuming equipments in urban residential buildings of the HSCW zone can be classified into six categories: room air conditioners, space heating equipments, water heating equipments, lamps, cookers and other household electrical appliances. The demands for space cooling, lighting, cooking, laundry, television, etc. are, respectively, implemented by a certain kind of equipment. However, the demands for space and water heating in urban residential buildings of the HSCW zone can be respectively implemented by several kinds of equipments.
In the cold zone and severe cold zone of China, extensive district heating systems have been constructed in urban areas. From the viewpoint of saving energy and initial cost, no extensive district heating system was constructed in the HSCW zone because the total days in which daily AOT was below 5 • C during a year were less than 90 according to the meteorological statistics. In urban areas of the HSCW zone, the use of coal-fired boilers for space and water heating is mostly forbidden to reduce the discharge of urban pollutants. The houses in the HSCW zone are commonly equipped with split type room air conditioners, which operate as air-source heat pumps in winter. Many households use electric space heating equipments to heat local space of a room. Four types of electric space heating equipments used in urban residential buildings of the HSCW zone are shown in Figure 1 . In addition, some houses are equipped with gas furnaces that are connected with radiant floors or radiators. The thermal comfort condition can be improved by using radiant floors or radiators, though the initial cost and operating cost of such systems are relatively high.
3 of 14 energy consumption in residential buildings. From 2001 to 2011, the energy consumptions of space cooling, space heating and water heating in urban residential buildings of the HSCW zone increased by 5.4, 4.4 and 1.8 times, respectively [22] . In 2011, the electricity consumption of space heating in urban residential buildings of the HSCW zone reached 41.4 billion kWh [22] . 
In the cold zone and severe cold zone of China, extensive district heating systems have been constructed in urban areas. From the viewpoint of saving energy and initial cost, no extensive district heating system was constructed in the HSCW zone because the total days in which daily AOT was below 5 °C during a year were less than 90 according to the meteorological statistics. In urban areas of the HSCW zone, the use of coal-fired boilers for space and water heating is mostly forbidden to reduce the discharge of urban pollutants. The houses in the HSCW zone are commonly equipped with split type room air conditioners, which operate as air-source heat pumps in winter. Many households use electric space heating equipments to heat local space of a room. Four types of electric space heating equipments used in urban residential buildings of the HSCW zone are shown in Figure  1 . In addition, some houses are equipped with gas furnaces that are connected with radiant floors or radiators. The thermal comfort condition can be improved by using radiant floors or radiators, though the initial cost and operating cost of such systems are relatively high. The water heating equipments used in urban residential buildings of the HSCW zone are various as well. Table 2 shows the analyses of domestic water heater sales and possession rates in 2014. According to the proportion of sales and the results of surveys for possession rates in China [23, 24] , electric water heaters (EWHs), gas water heaters (GWHs) and solar water heaters (SWHs) were in the top three in 2014. The market share and possession rate of air-source heat pump (ASHP) water heaters all were only 3%. The utilizations of solar energy in urban residential buildings of the HSCW zone are mostly decentralized as the solar water heaters in Figure 2 . The solar water heaters with evacuated tube solar collectors are more popular than those with flat plate solar collectors. From the viewpoint of controlling initial cost of domestic solar water heaters, electric heaters are mostly used to provide auxiliary heat for hot water production when solar radiation is insufficient. There are some ASHP assisted solar hot water systems in urban residential buildings of the HSCW zone, most of which are centralized systems for multi-family buildings. The water heating equipments used in urban residential buildings of the HSCW zone are various as well. Table 2 shows the analyses of domestic water heater sales and possession rates in 2014. According to the proportion of sales and the results of surveys for possession rates in China [23, 24] , electric water heaters (EWHs), gas water heaters (GWHs) and solar water heaters (SWHs) were in the top three in 2014. The market share and possession rate of air-source heat pump (ASHP) water heaters all were only 3%. The utilizations of solar energy in urban residential buildings of the HSCW zone are mostly decentralized as the solar water heaters in Figure 2 . The solar water heaters with evacuated tube solar collectors are more popular than those with flat plate solar collectors. From the viewpoint of controlling initial cost of domestic solar water heaters, electric heaters are mostly used to provide auxiliary heat for hot water production when solar radiation is insufficient. There are some ASHP assisted solar hot water systems in urban residential buildings of the HSCW zone, most of which are centralized systems for multi-family buildings. The aforementioned space and water heating equipment/systems utilize different energy forms as energy input. Therefore, it is more reasonable using exergy efficiency other than energy efficiency to evaluate the thermodynamic perfectibility of the aforementioned equipment/systems and the rationality of energy utilization.
Methodology

Definitions of the Indicators in This Study
The energy efficiency (η) for the commercial energy utilization of an equipment/system is expressed as
where Qu is useful heat production, and Ein is commercial energy input. For the space and water heating equipment/systems with electricity as energy input, energy efficiency can not reflect the The aforementioned space and water heating equipment/systems utilize different energy forms as energy input. Therefore, it is more reasonable using exergy efficiency other than energy efficiency to evaluate the thermodynamic perfectibility of the aforementioned equipment/systems and the rationality of energy utilization.
Methodology
Definitions of the Indicators in This Study
where Q u is useful heat production, and E in is commercial energy input. For the space and water heating equipment/systems with electricity as energy input, energy efficiency can not reflect the primary energy utilization efficiency. In this study, primary energy efficiency (PEE) is used to evaluate the overall efficiency of an equipment/system and relevant energy supply system, which can be calculated by
where β is thermal power generation efficiency, and α is electric grid loss ratio. The total exergy efficiency (Ψ) of an equipment/system and relevant energy supply system is expressed as below:
where EX out is exergy production, and EX in is the exergy input from primary energy. The chemical exergy of natural gas is calculated by [25] EX gas = 0.95
where EX gas and θ H are, respectively, the chemical exergy and higher heating value of natural gas (kJ/kg). The chemical exergy of the coal for thermal power generation is calculated by [25] 
where EX coal and θ L are, respectively, the chemical exergy and lower heating value of the coal for thermal power generation (kJ/kg). The sustainability index (SI) of an equipment/system is only related to its exergy efficiency, and is expressed as [7] 
Models for the Energy and Exergy Efficiencies of Space Heating Equipments
Air-Source Heat Pumps
The heat pump cycle can be regarded as an equivalent reverse Carnot cycle, which is equivalent to a Lorenz cycle with a variable-temperature heat source and sink. The heat source and sink temperatures of the equivalent reverse Carnot cycle are considered to be equal to the average air temperatures in the evaporator and the condenser of an ASHP, respectively. Therefore, the total exergy efficiency of ASHPs is calculated from the following equation:
where PEE a is the PEE of ASHPs, T 1,in and T 1,out are, respectively, the entering and leaving air temperatures of outdoor units (evaporators) (K), and T 2,in and T 2,out are, respectively, the entering and leaving air temperatures of indoor units (condensers) (K). The energy efficiency of a room air conditioner in heating season is equal to its heating seasonal performance factor (HSPF).
Electric Space Heating Equipments
The total exergy efficiency of electric space heating equipments is calculated by
where PEE eh is the PEE of electric space heating equipments, T N is indoor temperature (K), and T 0 is reference temperature (K). 
Gas Furnaces
The exergy efficiency of gas furnaces for space heating is calculated from the equation
where T s is supply water temperature (K), T r is return water temperature (K), and η h is the thermal efficiency based on higher heating value of natural gas. The supply and return water temperatures of radiators are higher than those of radiant floors.
Models for the Energy and Exergy Efficiencies of Water Heating Equipment/Systems
Electric Water Heaters
For the households with no gas supply, the use of EWHs is one of the top choices. Thus, EWHs have become the most popular water heaters in China [23, 24] . The energy efficiency of storage EWHs, the most commonly used EWHs, is lower than that of instant EWHs due to the heat loss of hot water tank. The total exergy efficiency of EWHs is calculated by
where PEE ew is the PEE of electric water heaters, T c is cold water temperature (K), and T h is hot water temperature (K).
Gas Water Heaters
The exergy efficiency of GWHs can be calculated by
Solar Water Heaters with Auxiliary Electric Heaters
Auxiliary electric heaters are commonly used in decentralized solar water heaters to make up for the insufficiency of solar radiation. Considering the electricity consumption of auxiliary electric heaters as commercial energy input, we can derive the equations for calculating the energy and total exergy efficiencies of SWHs as follows
where PEE so is the PEE of SWHs with auxiliary electric heaters, λ is the energy efficiency of electric heaters, and taken as 90%; and f a is the annual average solar fraction, and is equal to an average value of daily solar fractions during a year. The daily solar fraction of a day is calculated by
where f d is daily solar fraction, A is solar collector area (m 2 ), φ is annual average efficiency of solar collector, is water density (kg/m 3 ), V is daily hot water consumption (m 3 /d), C is specific heat of water (kJ/kg·K), I T is daily solar radiation on the tilted surface facing south at a tilt angle equal to local latitude (kJ/m 2 ·d), and T d is daily average cold water temperature and equal to 5 • C when daily AOT is below 5 • C. When daily AOT is no lower than 5 • C, T d is assumed to be equal to daily AOT. R is the heat loss rate of hot water tank and pipe.
ASHP Water Heaters
ASHP water heaters can utilize low-grade and renewable heat from ambient air on the basis of consuming a certain amount of electric energy. The energy and total exergy efficiencies of ASHP water heaters can be calculated in terms of its annual average coefficient of performance (COP) as follows:
where COP ann is the annual average COP, and PEE aw is the PEE of ASHP water heaters. In this study, the COP values of an ASHP water heater at various outdoor temperatures were measured, and the measurement results are illustrated in Figure 3 . The COP values are generally linearly related to outdoor temperatures. According to the fitting formula shown in Figure 3 , the annual average COP can be calculated by
where AOT i is the AOT of the ith day during a year.
collector
where COPann is the annual average COP, and PEEaw is the PEE of ASHP water heaters. In this study, the COP values of an ASHP water heater at various outdoor temperatures were measured, and the measurement results are illustrated in Figure 3 . The COP values are generally linearly related to outdoor temperatures. According to the fitting formula shown in Figure 3 , the annual average COP can be calculated by 
where AOTi is the AOT of the ith day during a year. 
ASHP Assisted Solar Hot Water Systems
In ASHP assisted solar hot water systems, ASHPs are used to provide auxiliary heat when solar radiation is insufficient. The energy and total exergy efficiencies of ASHP assisted solar hot water systems can be calculated by
where COP aux is the average COP of the ASHPs for auxiliary heating, and PEE as is the PEE of ASHP assisted solar hot water systems. The ASHPs in such systems mostly operate on relative cold days to make up for insufficient solar radiation. In this study, COP aux is taken as the average COP of an ASHP during the period from November to March.
Results and Discussion
Determination of Parameters
To calculate the two efficiencies, the parameters in Equations (7)- (19) are determined. The reference temperature for the calculation about space heating is taken to be equal to the average value of AOTs in heating season in Table 1 (T 0 = 6 • C). The coal-fired thermal power generation efficiency in China has been gradually increased in recent years. The average coal-fired thermal power generation efficiency and electric grid loss ratio in China are taken to be 39.8% and 6.4%, respectively [26] . The other parameter values for space heating equipment are listed in Table 4 .
The reference temperatures for the calculation about water heating are equal to the annual AOTs of the 10 typical cities and shown in Table 3 . In view of the fact that the cold water temperature in the HSCW zone is close to the outdoor temperature, it is assumed that T c is equal to annual AOT. T h is taken to be 45 • C, which is a little higher than the hot water temperature for practical usage in households. Daily solar radiation and daily AOT are taken from Typical Meteorological Year (TMY) weather data of the 10 cities [21] . According to the common device configuration of domestic SWHs in the Chinese market, we take a domestic SWH with a collector area of 4 m 2 and a production of 300 L hot water volume per day as calculation case. A small ASHP assisted solar hot water system with the same collector area and hot water production is adopted as the calculation case. The annual average efficiency of the solar collectors is 60%, and the heat loss rate of a hot water tank and pipe is taken as 15%. The COP values, annual average solar fraction and I T in the 10 typical cities are determined and shown in Table 3 . The average thermal efficiency of GWHs and gas furnaces based on higher heating value of natural gas is taken to be 80%. The average energy efficiencies of storage EWHs and instant EWHs are taken to be 75% and 90%, respectively. 
Calculation Results for Space Heating and Discussion
The calculation results of space heating equipments are shown in Table 4 . Electric space heating is the most unsustainable way for space heating due to its lowest PEE (36.51%), exergy efficiency (1.46%) and sustainability index (1.015), though its energy efficiency is higher than that of gas furnaces. The result of comparison between the energy efficiencies of electric heating and gas furnaces is misleading. The exergy efficiency of the gas furnaces with radiators is higher than that of the gas furnaces with radiant floors because the higher supply temperature of radiators brings more thermal exergy production. Considering that the share of gas furnaces with radiators is close to that of gas furnaces with radiant floors, the average exergy efficiency of gas furnaces is around 12%. The PEE and total exergy efficiency of ASHPs in heating season are, respectively, 85.68% and 12.33%, which are close to the PEE and average exergy efficiency of gas furnaces. ASHPs are both sustainable and low-cost equipments for space heating of urban residential buildings in the HSCW zone. 
Calculation Results for Water Heating and Discussion
The PEEs, total exergy efficiencies and sustainability indices of various ways of water heating in the 10 cities are shown in Figures 4-6 , respectively. The PEEs of storage EWHs and instant EWHs are, respectively, 27.9% and 33.5%. The total exergy efficiencies of such two types of EWHs are only in the range of 1.2%-1.6%, which results in the lowest sustainability indices in Figure 6 . The above results indicate that electric space and water heating are unreasonable ways of energy utilization due to the use of high exergy sources to perform lower exergy tasks. However, EWHs rank first in terms of market share and possession rate in China due to lower prices and convenience [23, 24] . From the viewpoint of sustainability, EWHs should be replaced by more sustainable water heating equipment/systems gradually. In Australia, the federal government offers financial packages ranging from $A1000 to $A1600 for households to replace EWHs with SWHs [27] . In Queensland, the use and sales of EWHs are banned [27] . of SWHs with auxiliary electric heaters are all lower than those of ASHP water heaters to different degrees, and the PEE values fall below 100%. Such gaps are rather large in the cases of Chongqing and Chengdu due to poor solar energy resources of the two cities. In the cities with relative poor solar energy resources, the frequent uses of electric heaters for auxiliary heating result in notable decreases of PEE and exergy efficiency. In the other six cities, ASHP water heaters are more suitable for application than SWHs with auxiliary electric heaters. The exergy efficiency of GWHs was found to be in the range of 3.7%-4.0%. According to Equations (9) and (11), the improvement of energy efficiency can help to improve the exergy efficiency of GWHs/gas furnaces to some extent. The energy efficiency of the GWHs/gas furnaces with flue gas heat recovery and efficient combustion can be above 90%. On the whole, the direct conversion of high-grade energy (electricity and natural gas) into heat for low exergy requirements (e.g., space heating and heating water to no higher than 45 • C) leads to large exergy destructions and low exergy efficiencies.
The PEEs and total exergy efficiencies of ASHP water heaters in the 10 cities range from 104.2% to 112.4% and from 4.8% to 4.9%, respectively. The climate of these cities in the HSCW zone is generally suitable for the use of ASHP water heaters, which results in a COP ann of between 3.29 and 3.55 (see Table 3 ). The relatively high COP ann leads to higher PEE and exergy efficiency of ASHP water heaters than those of EWHs and GWHs. The PEE and total exergy efficiency of solar hot water equipment/systems have a lot to do with local solar resources. In the four cities with relative rich solar energy resources (i.e., Shanghai, Nanjing, Hefei and Ningbo), the PEEs and total exergy efficiencies of SWHs with auxiliary electric heaters are all higher than those of ASHP water heaters. In the other six cities with relative poor solar energy resources, the PEEs and total exergy efficiencies of SWHs with auxiliary electric heaters are all lower than those of ASHP water heaters to different degrees, and the PEE values fall below 100%. Such gaps are rather large in the cases of Chongqing and Chengdu due to poor solar energy resources of the two cities. In the cities with relative poor solar energy resources, the frequent uses of electric heaters for auxiliary heating result in notable decreases of PEE and exergy efficiency. In the other six cities, ASHP water heaters are more suitable for application than SWHs with auxiliary electric heaters.
application than SWHs with auxiliary electric heaters. Unlike ASHP water heaters and domestic SWHs, ASHP assisted solar hot water systems can utilize two kinds of renewable energies. The PEEs and total exergy efficiencies of ASHP assisted solar hot water systems in the 10 cities range from 193.2% to 341.3% and from 8.3% to 15.9%, respectively. As can be seen in Figures 4-6 , the PEE, exergy efficiency and sustainability indices of such systems are all significantly higher than those of the other water heating equipment. Such results can be mainly attributed to the utilization of renewable heat from solar radiation and the higher energy efficiency of the ASHPs for auxiliary heating (a COP aux of between 2.49 and 2.77) than that of auxiliary electric heaters.
The processes of renewable energy utilization in this study can be illustrated by Grassmann diagrams. Figure 7 shows the schematic of energy flows of the water heating equipment/systems utilizing renewable energy. It can be seen from Figure 7 that the useful heat production is more than the corresponding primary energy input due to the amount of renewable heat that is utilized, which results in a PEE of more than 100%. The utilization of renewable heat for space and water heating in urban residential buildings can bring substantial primary energy savings. Unlike ASHP water heaters and domestic SWHs, ASHP assisted solar hot water systems can utilize two kinds of renewable energies. The PEEs and total exergy efficiencies of ASHP assisted solar hot water systems in the 10 cities range from 193.2% to 341.3% and from 8.3% to 15.9%, respectively. As can be seen in Figures 4-6 , the PEE, exergy efficiency and sustainability indices of such systems are all significantly higher than those of the other water heating equipment. Such results can be mainly attributed to the utilization of renewable heat from solar radiation and the higher energy efficiency of the ASHPs for auxiliary heating (a COPaux of between 2.49 and 2.77) than that of auxiliary electric heaters.
The processes of renewable energy utilization in this study can be illustrated by Grassmann diagrams. Figure 7 shows the schematic of energy flows of the water heating equipment/systems utilizing renewable energy. It can be seen from Figure 7 that the useful heat production is more than the corresponding primary energy input due to the amount of renewable heat that is utilized, which results in a PEE of more than 100%. The utilization of renewable heat for space and water heating in urban residential buildings can bring substantial primary energy savings. Figure 8 shows the schematic of exergy flows of solar water heating processes with various auxiliary heating devices. The red dashed lines represent SWHs with auxiliary electric heaters, and the black lines represent ASHP assisted solar hot water systems. The exergy from solar radiation is utilized and contributes much to the exergy production. In terms of the whole energy supply and hot water production system, the largest exergy destructions occur in power generation and distribution, and the second largest exergy destructions occur in auxiliary heating devices and solar collectors. The exergy destructions of auxiliary electric heaters are significantly larger than those of auxiliary ASHPs on the condition that both primary energy inputs and both exergy rates from solar radiation are all equal. As can be seen from Figure 5 , the total exergy efficiencies of ASHP assisted solar hot water systems is 5.6%-10.1% higher than those of SWHs with auxiliary electric heaters in the 10 cities. In order to design an energy efficient solar water equipment/system, close attention should be paid to the energy efficiency of auxiliary heating devices and solar collectors. The supply water temperature should be as low as possible to reduce the energy consumption of auxiliary heating and heat losses resulting from hot and cold water mixing at terminals. As for ASHPs, the exergy that can be utilized from ambient air is almost zero. The exergy of electricity is utilized to extract heat from ambient air. Though the PEE of ASHP water heaters is higher than 100% according to above analysis, the market share and the possession rate of ASHP water heaters all were only 3% in 2014 [23, 24] . With the promotion of energy-efficient products from Chinese government, such situations are changing. The sales of ASHP water heaters in 2014 were 31.2% higher than those in 2013 [23] . The proportion of sales and the possession rate of ASHP water heaters in southern China, including the HSCW zone, are significantly more than those in northern China due to more favorable outdoor temperatures in Figure 8 shows the schematic of exergy flows of solar water heating processes with various auxiliary heating devices. The red dashed lines represent SWHs with auxiliary electric heaters, and the black lines represent ASHP assisted solar hot water systems. The exergy from solar radiation is utilized and contributes much to the exergy production. In terms of the whole energy supply and hot water production system, the largest exergy destructions occur in power generation and distribution, and the second largest exergy destructions occur in auxiliary heating devices and solar collectors. The exergy destructions of auxiliary electric heaters are significantly larger than those of auxiliary ASHPs on the condition that both primary energy inputs and both exergy rates from solar radiation are all equal. As can be seen from Figure 5 , the total exergy efficiencies of ASHP assisted solar hot water systems is 5.6%-10.1% higher than those of SWHs with auxiliary electric heaters in the 10 cities. In order to design an energy efficient solar water equipment/system, close attention should be paid to the energy efficiency of auxiliary heating devices and solar collectors. The supply water temperature should be as low as possible to reduce the energy consumption of auxiliary heating and heat losses resulting from hot and cold water mixing at terminals. As for ASHPs, the exergy that can be utilized from ambient air is almost zero. The exergy of electricity is utilized to extract heat from ambient air. Though the PEE of ASHP water heaters is higher than 100% according to above analysis, the market share and the possession rate of ASHP water heaters all were only 3% in 2014 [23, 24] . With the promotion of energy-efficient products from Chinese government, such situations are changing. The sales of ASHP water heaters in 2014 were 31.2% higher than those in 2013 [23] . The proportion of sales and the possession rate of ASHP water heaters in southern China, including the HSCW zone, are significantly more than those in northern China due to more favorable outdoor temperatures in southern China. From the viewpoint of total exergy efficiency and sustainability index, ASHP assisted solar hot water systems are the most sustainable among all water heating equipment/systems investigated in this study. However, relatively high initial cost has become an obstacle to wide application of such systems. With the subsidies for the applications of renewable energy in buildings from Chinese government, there have been more and more ASHP assisted solar hot water systems in urban residential buildings in recent years.
Based on the above analyses, it is strongly recommended to match the quality levels of energy demand and supply. Space and water heating are low exergy heating requirements, and can be met by solar collectors and ASHPs utilizing low-grade heat from solar radiation and ambient air, respectively. It should be gradually avoided to use electric space and water heating equipment.
Conclusions
In this study, the PEEs and sustainability indices of various space and water heating equipment/systems in 10 typical cities of the HSCW zone have been evaluated. The energy and exergy flows of the water heating equipment/systems utilizing renewable energy were illustrated. The main conclusions drawn from this study may be summarized as follows: Though the PEE of ASHP water heaters is higher than 100% according to above analysis, the market share and the possession rate of ASHP water heaters all were only 3% in 2014 [23, 24] . With the promotion of energy-efficient products from Chinese government, such situations are changing. The sales of ASHP water heaters in 2014 were 31.2% higher than those in 2013 [23] . The proportion of sales and the possession rate of ASHP water heaters in southern China, including the HSCW zone, are significantly more than those in northern China due to more favorable outdoor temperatures in southern China. From the viewpoint of total exergy efficiency and sustainability index, ASHP assisted solar hot water systems are the most sustainable among all water heating equipment/systems investigated in this study. However, relatively high initial cost has become an obstacle to wide application of such systems. With the subsidies for the applications of renewable energy in buildings from Chinese government, there have been more and more ASHP assisted solar hot water systems in urban residential buildings in recent years.
In this study, the PEEs and sustainability indices of various space and water heating equipment/systems in 10 typical cities of the HSCW zone have been evaluated. The energy and exergy flows of the water heating equipment/systems utilizing renewable energy were illustrated. The main conclusions drawn from this study may be summarized as follows:
•
The comparison results indicate that electric space and water heating are the most unsustainable ways of space and water heating. There is great potential for improving the quality match between energy supply and demand in urban residential buildings of the HSCW zone. It is suggested that electric space and water heating equipments should be gradually replaced by more sustainable space and water heating equipment/systems.
The total exergy efficiency of the room air conditioners during heating season was evaluated as 12.33%, and ASHPs are both sustainable and low-cost equipments for space heating of urban residential buildings in the HSCW zone. The PEEs and total exergy efficiencies of ASHP water heaters in the 10 cities were found to range from 104.2% to 112.4% and from 4.8% to 4.9%, respectively. ASHP water heaters are more suitable for application in the cities with relative poor solar energy resources than SWHs with auxiliary electric heaters.
• The PEEs and total exergy efficiencies of ASHP assisted solar hot water systems in the 10 cities were found to range from 193.2% to 341.3% and from 8.3% to 15.9%, respectively. Due to the utilization of two kinds of renewable energies, ASHP assisted solar hot water systems are the most sustainable among currently used water heating equipment/systems.
The analyses of PEE and exergy efficiency in this study suggest a key potential for improving the energy efficiency and the sustainability of space and water heating in urban residential buildings of the HSCW zone. Besides the utilization of renewable energy and optimized match between energy supply and demand, attention should also be paid to other energy saving strategies. For gas furnaces, GWHs and room air conditioners, it is imperative to improve the utilization efficiency of high-grade energy (i.e., natural gas and electricity). In China, an energy efficiency label system has been established for widely used products with great energy-saving potential. Households should be encouraged to use the products with high energy efficiency grade. Heat recovery from exhaust air and shower water can reduce energy consumption of space heating and water heating, respectively. The heat recovery equipment work by making the fresh air and cold water preheated by exhaust air and drain water, respectively. In view of the fact that there is little application of heat recovery from exhaust air and shower water in residential buildings, such heat recovery equipments can be promoted by integration with air conditioning equipments and unit bathrooms.
